It is well-documented that certain oxides (such as Re 2 O 7 , B 2 O 3, MoO 3 , V 2 O 5 , etc.) can provide friction coefficients of 0.1-0.3 to sliding surfaces at elevated temperatures and thus they are often referred to as lubricious oxides in the tribology literature. In a recently proposed crystal chemical model, Erdemir was able to establish a close correlation between the reported friction coefficients of such oxides and their ionic potentials [1] . In the present paper, we expand on this original concept and explore the relevance of two other quantum chemical parameters, electronegativity and chemical hardness, to the lubricity of solid oxides. These parameters have already been used by scientists to explain the nature of tribochemical interactions between various oil additives and sliding surfaces. It is conceivable that electronegativity and chemical hardness may also be strongly related to the extent of adhesive interactions and shear rheology of solid oxides and hence to their lubricity. The new results have confirmed that electronegativity, like ionic potential, is indeed a valid quantum chemistry parameter that can be used in predicting the lubrication behavior of solid oxides. Generally, the higher the electronegativity of the solid oxides is, the lower the friction coefficients will be. However, chemical hardness did not yield a similar trend. In light of these new findings, we propose some guidelines for the formulation of novel oxide or alloy systems that can lead to the formation of lubricious oxides at elevated temperatures. The findings of this study may pave the way for designer-based tribosystems in general and smart tribochemical systems in particular in future tribological applications such as dry machining.
Introduction
Certain solid oxides (such as Re 2 O 7 , B 2 O 3, MoO 3 , etc.) are capable of affording fairly low friction coefficients (i.e., 0.1-0.3) to sliding contact interfaces at elevated temperatures and hence referred to as lubricious oxides in the tribology literature. A recently proposed crystal chemical model [1] was able to establish a close correlation between the reported friction coefficients of such oxides and their ionic potentials, φ (see Figure 1) . It is important to remind that friction is primarily a system's property hence may vary a great deal with changes in test condition, environment, and temperature. However, it has been used as a measure of lubricity for all kinds of materials and coatings in previous years. Overall, the extent of physical, chemical, and mechanical events that occur at sliding contact interfaces is rather complex but plays the most prominent role in the frictional behavior or lubricity of all sliding surfaces including those that contain solid oxides. It is well-known that these events are largely controlled by the general principles of reaction kinetics and thermodynamics [2] [3] [4] [5] . Until recently, many equilibrium thermodynamic concepts and principles have been suggested to account for the tribochemical phenomena that take place at sliding contact interfaces under dry and boundary lubricated sliding conditions. Among them, approaches based on Lewis acids and bases and Pearson's hard and soft acids and bases (HSAB) became quite popular in the recent tribochemistry literature. Obviously, tribochemical reactions (just like their thermochemical counterparts) occur through some electron exchange, transfer, and sharing mechanisms. Because of the large involvements of electrons in the tribochemical reactions or interactions, tribochemists often resort to the principles of Lewis acid-base concepts or other relevant principles for the interpretation of thermo-and/or mechano-chemical interactions between tribosurfaces and lubricant species that are acting, respectively, as electron donors and acceptors and thus assume varied degrees of chemical hardness or softness. Such uses of Lewis acid and base concepts are plenty and some of the most relevant ones to this study are chronologically enumerated in Table 1 . Table 1 . A chronological listing of Lewis acid and base concepts and principles used in previous fundamental tribochemistry study [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Mori et al. (1987) -Describes adsorption activity of organics on fresh steel surfaces by hard and soft acid and base concepts and the hard-soft acid-base (HSAB) principle [2] . -Applies the HSAB principle to solid adhesion and surface tribointeractions [6] [7] [8] . Kajdas (1995) antiwear additive elements (S, P) from ZDTP to account for their preferential residence on rubbing coating surfaces of varied mechanical and chemical nature [16] .
Initially, to understand the nature of tribochemical interactions between the sliding surfaces and the reactive decomposition products of additives, some researchers cited in Table 1 have used the HSAB and maximum hardness principles [2, 3, 6, 10] . Of the concepts which have found broader implications in tribochemistry are those related to the Lewis acid and base hardness (or softness) derived from the quantum chemical theories. These parameters include chemical hardness [2, 3] and the ionic potential [1] . The chemical hardness is more comprehensive in that it has already changed from an early qualitative entity to a quantitative reality owing to the introduction of Density Functional Theory (DFT). With the availability and increased uses of this theory, several new concepts (such as electronic chemical potential, or absolute electronegativity, and Fukui functions) were defined to quantitatively depict the global or local reactivity of chemical systems including the ones that involve dry and/or lubricated sliding. Comparatively, the ionic potential, which is based more specifically on the crystal chemistry of solids, found very recent uses in accounting for the lubrication by solid oxides [1] .
In the present paper, the lubrication behavior of solid oxides is further considered in light of two other quantum chemistry-based parameters: electronegativity and chemical hardness. Specifically, we explored the usefulness of these parameters in explaining the nature of lubricity in solid oxides and in justifying their equivalent or superior significance to that of ionic potential that has already been used in Ref. Table 1 . They may also be very useful in gaining more fundamental chemical insights into the governing tribological or tribochemical mechanisms of lubricious oxides. At first, we feel that it will be very useful to explain (very briefly) some of the most relevant concepts of electronegativity and chemical hardness of solid oxides, and then rationalize their usefulness in predicting the extent of adhesive interactions, shear rheology, and, hence the lubricity of these oxides.
Electronegativity and Chemical Hardness
To illustrate the meaning and importance of electronegativity and chemical hardness, we begin with a chemical system that is essentially a collection of nuclei and electrons. Hence, it could be an atom, a molecule, an ion, or a cluster of several molecules that are in a state of chemical interaction. The physical and chemical behaviors of such systems can be described by DFT which is a form of quantum mechanics or quantum chemistry that uses the one-electron density function instead of the more usual wave functions [16, 17] . In the DFT, two important parameters that are of particular importance to the chemists are electronic chemical potential (µ) or absolute electronegativity (χ) and absolute or chemical hardness (η) [18, 19] . Chemical potential measures the escaping tendency of an electron cloud, while chemical hardness determines the resistance of the species to lose electrons. Both µ and η are global properties at the ground state in the sense that they characterize the species as a whole, i.e., they are molecular but not orbital properties. The exact definitions of these two quantities are:
where E is the electronic energy of a chemical system; N is the number of electrons; and v(r) is the potential due to the nuclei, plus any external potential. For atomic species, the chemical potential is the negative of Mulliken electronegativity (χ), which can alternatively be called absolute electronegativity, that is, the resistance of the chemical potential to a change in the number of electrons.
The method of finite difference yields an operational, and approximate, definition of µ and η:
where IP is the ionization potential, and EA is the electron affinity of the system. Within the validity of Koopmans' theorem, the frontier orbital energies are given by
where HOMO is the highest occupied molecular orbital, and LUMO the lowest unoccupied molecular orbital. On an orbital basis, we can write chemical potential and chemical hardness as In equilibrium, absolute electronegativity within a chemical system is equal everywhere, while chemical hardness is a function of position. According to Sanderson's electronegativity equalization principle, when two systems, A and B, are brought together, electrons will flow from lower χ to higher χ until the chemical potential reaches equilibrium. As a first approximation, the fractional number of electrons transferred, N ∆ , is given by
Thus, the electron transfer is driven by χ ∆ , but resisted by the sum of s ' η . Since molecular interactions involve other interactions besides electron transfer, N ∆ is not the total change of electrons but is still useful in determining the initial orbital interaction between two chemical systems, and in serving as an approximation for the bond strength [17] . For the hard-hard interactions, η ∑ can be very large; thus, N ∆ becomes too small, and the interaction will be dominated by the electrostatic interaction, instead of electron (charge) transfer. For the soft-soft interaction, η ∑ can be rather small and N ∆ will be larger. Such interactions may have strong implications in the electron exchange, transfer, and sharing mechanisms at sliding contact interfaces as they determine the extent of adhesion and hence frictional interactions.
Rationale
In the literature, there have not been comprehensive discussions of the acid-base interactions in solid oxides in relation to their lubricity and/or frictional behaviors. In a series of studies, Lee has used the hard-soft acid-base (HSAB) concepts and principles in order to better understand the mechanisms of adhesion or adhesive interactions between certain metal-polymer systems that are brought into static or sliding contacts [20, 21] . In view of the electronic band structures of the types of polymers and solids that he considered in his studies, he was able to provide reasonable explanation for the adhesive interactions between these materials [22, 23] . Similar concepts may be used to understand the lubrication behavior of solid oxides. There have been a few attempts to employ the HSAB concepts and principles in describing the friction or lubrication behavior of oxide or oxidized surfaces [2, 4, 22, 23] .
Mori has explored the effects of tribological conditions and surface chemistry on boundary lubrication behaviors of sliding surfaces that are covered by metal oxides under mild sliding conditions and of metallic or nascent surfaces when sliding occurs under severe conditions [2] . Judging from Lewis's theory of acids and bases and Pearson's HSAB concept [24] , the former are harder Lewis acids, and the latter softer Lewis acids. Such a concept somewhat contrasts with Kajdas's treatment of tribochemical interactions that occur on the interfaces between rubbing surfaces and functional triboadditives [4] . Considering the tribophysical effects of exoelectron emission, Kajdas formulated an approach involving a negative-ion-radical HSAB action mechanism and claimed that typical soft acidsoft base interactions relate mostly to the adsorption processes, while the hard acid-hard base interactions relate to tribochemical processes [4] . When naturally oxidized surfaces of solid metals are brought into contact with additives in oils, the fact that the exposure sequence of such metal surfaces follows from oxide to nascent (atomic) to tribo-excitation states means that for Mori's process and Kajdas's approach there is a common denominator relating to the Pearson's concept. So, both descrip-tions of the individual tribosystems are reasonable from the viewpoint of molecular orbitals.
According to Klopman's polyelectronic perturbation theory about electron transfer between donors and acceptors, two major terms are involved in the acid-base interaction: the Coulombic and the frontier orbital [22] . The former suggests hard-hard interactions in which HOMO ε is lower and LUMO ε is higher, and thus is charge controlled; and the latter implies soft-soft interactions where HOMO ε is higher and LUMO ε is lower, and is hence frontier-controlled.
As the present study is directed toward the understanding of the frictional interactions between solid oxides in terms of Lewis acid-base chemistry, Mori's treatment of rubbing surfaces as Lewis acids of varied hardnesses (i.e., oxidized vs nascent) is of greater appropriateness [2] . Figure 4 presents a schematic accounting of the quantum chemistry involved in the frictional interactions between solid oxides and metals. Such oxides occur naturally on the surfaces of most metals and during most tribological tests, the initial stage of frictional interactions is largely dominated by these oxides. However, as they are removed during repeated sliding passes, the metal-to-metal interactions become more pronounced and determine both the nature and the extent of frictional interactions. 
Relation of Electronegativity and Chemical Hardness to Lubricity
The sliding surfaces of metals and nonoxide ceramics may oxidize when sliding occurs in an oxidizing environment. Sometimes, thin oxide films that form on these surfaces may play a significant role in the friction and wear behavior of these surfaces [23] . In terms of the electronic charge transfer mechanisms defined in Equation (6) or (7), the extent of the tribological events occurring at such surfaces might be further exacerbated by the extent of oxidation or chemical changes on these surfaces. In fact, as demonstrated in Table 2 , changes in the stoichiometry of solid oxides, e.g., the coordination number, bring about variations of their electronegativities and chemical hardnesses. This may suggest a chemical reason for the varied tribological performances of these oxides. As a rule, both electronegativity and chemical hardness of the oxides decrease as their coordination number increases with the more obvious descending of chemical hardness. This observation signifies that oxides with higher coordination numbers are more reactive in adhesive interactions, and therefore may exhibit friction and wear at higher scales of severity. With this information in mind, rubbing surfaces can be proactively designed to gain anticipated frictional performances. The charge number (Z), ionic radius (r) and their ratio: the ionic potential (φ), are commonly used to relate, individually or together, with other atomic or molecular properties, e.g., electronegativity, chemical hardness or softness of Lewis acids and bases [25, 26] . As these parameters all take into account the competition between forces of electrostatic type and those of covalent type, they are connected to the chemical hardness as defined by Pearson [18, 24] and Pearson and Parr [17] . On the one hand, these quantum chemistry parameters can characterize semi-quantitatively those physical or chemical events that occur on sliding surfaces; while on the other hand, all of them are related to the electronic structures of chemical systems, which are now better understood due to the introduction of conceptual DFT parameters and related electronic structural principles.
Single Oxides
Oxides are chemical systems. The ionic potential listed in Table 2 for oxides represents a valid quantum chemistry parameter that controls several physical and chemical phenomena. In general, the higher the ionic potential, the greater the extent of screening of a cation in an oxide by surrounding anions; hence, they will have much reduced chemical interactions with other cations in the system [1] .
Conversely, oxides with lower ionic potentials are very strong and hard to shear, because their cations constantly interact with each other and form strong covalent or ionic bonds that make them very strong and hard to shear. The shear strengths and hence the friction coefficients of sliding interfaces that contain these oxides will be high as demonstrated in Figure 1 .
The electronegativity, which is the negative of the electronic chemical potential, is an important quantum chemistry descriptor for reactivities displayed by any chemical systems. Figure 5 shows the existence of a reasonable correlation between electronegativity and ionic potentials of the oxides considered, but a little or no obvious correlation exists between their chemical hardnesses and ionic potentials. However, there appears to be an approximate derivative relationship between electronegativity and chemical hardness and this finding is in mathematical agreement with the deductions from DFT, as indicated by Equations (1) and (2). 
Electronegativity vs friction coefficient
As the electronegativity and chemical hardness denote the tendency of chemical reactions or interactions in a chemical system, they should also be capable of providing a better understanding or deeper insight into the tribochemical processes occurring at sliding interfaces. In view of the relevancy of the ionic potentials of oxides to their electronegativities, it is reasonable to expect that the same should be true regarding the relationship between the friction coefficients of solid oxides and their electronegativities. Such a supposition is affirmed by the data presented in Figure 6 . As a rule, for the tribosystem of solid oxides with identical coordination numbers (in this study, the coordination number of six is arbitrarily chosen for comparison), the higher the electronegativity, the lower the friction coefficient. The relationship is understandable as oxides of higher electronegativity hold their bonding electrons more tightly and have lower tendency to bind chemically with their neighboring oxides. This condition naturally leads to lower shearing in the sliding of solid oxides and thus decreased friction coefficients.
Chemical hardness vs friction coefficient
As discussed earlier, just like electronegativity, chemical hardness is also a valid quantum chemistry parameter and has been used in the past to elucidate the nature of tribochemical interactions in lu-bricated sliding contacts [2] . However, in this study, the relationship between friction coefficients of the solid oxides and their chemical hardnesses is not very obvious (see Figure 7 ). For oxides of higher electronegativities (such as WO 3 has both the lowest chemical hardness (below zero) and the lowest friction coefficient. Hence, both electronegativity and chemical hardness exert some influences on the frictional behaviors of solid oxides in such special ways, but perhaps chemical hardness is not a dominating factor with respect to the lubricity of solid oxides while electronegativity appears to be closely related. 
Double Oxides
As opposed to electronegativity and chemical hardness, the fractional number of transferred electrons ( N ∆ ), as defined in Equations (6) and (7), may be of greater utility for the study of lubrication behavior of sliding interfaces that contain more than one type of oxide. Because of the dependence of electronegativity and chemical hardness on the coordination number of solid oxides, the sliding interfaces with different oxide pairs with different coordination numbers may demonstrate varied frictional behaviors. This is attributable to the fact that the nature of adhesive interactions at such interfaces will be very different when their chemical compositions are different. Table 3 presents the calculated fractional numbers of transferred electrons for different oxide pairs in sliding contact in accordance with Equation 6 . As N ∆ is expressed as the ratio of difference in electronegativity and sum of chemical hardness of contacting oxides, it is advisable to first examine the relationships among ∆χ, Ση, and ∆ϕ for the studied oxides, as well as their relevance to friction coefficients. After that, any possible relationship between the lubricity and N ∆ of contacting oxide pairs can be established. Figure 8 shows that the difference in electronegativity is more closely related than the sum of chemical hardness to the difference in ionic potential of solid oxides (note that the numbers along data points in this Figure are referenced to the numbers in the first column in Table 3 ). It is thus reasonable that friction coefficients of oxide pairs are more relevant to the difference in electronegativity than to the sum of chemical hardness (compare Figure 9 and Figure 10) . As a rule, the larger the difference in electronegativity, the lower the friction coefficients of the oxide pairs. On the other hand, there is no discernible relevancy of the friction coefficients of oxide pairs in sliding contact to the sum of their chemical hardnesses. These results reaffirm that the frictional performance of solid oxides has stronger relevancy to electronegativity than to chemical hardness. Table 3 for each oxide pair). Relationship between friction coefficients and differences in electronegativity of certain solid oxide pairs with coordination number of 6.(Numbers next to data points correspond to the numbers used in Table 3 for each oxide pair; data of friction coefficient of solid oxides are from Ref. [1] .) Table 3 for each oxide pair; data of friction coefficient of solid oxides are from Ref. [1] ).
An increase of N ∆ has two implications: one is that the degree of chemical interaction between solid oxides becomes stronger and thus they are more likely to form a low-melting-point, thus easily shearable compound; the other implication is that the interaction mode between solid oxides begins to shift from more electrostatic (oxide adhesion) to more covalent (metallic contact), as suggested in Figure 4 . This means that less ionic and more covalent oxides are less cohesive and more shearable. Therefore, oxide pairs with a larger difference in electronegativity and a smaller sum of chemical hardness will be more sharable and thus more lubricious than those oxide pairs with a smaller difference in their electronegativity.
The results of this study may have some practical implications for the design or formulation of selflubricating, smart tribological systems. One potential implication might be in the fields of metalcutting and forming operations where high temperatures always exist and cause severe adhesive and oxidative wear of cutting or forming tool surfaces. The lubrication of such tools is becoming more and more difficult mainly because the cutting speeds are continuously increasing to achieve higher degrees of productivity or lower cost, as well as external lubricants or metalworking fluids are under increasing scrutiny or their contents are subject to increasingly stiffer environmental regulations. What will be very desirable is that a tool that needs little or no external lubrication. Most cutting and forming tools used by industry today are coated with a hard nitride or carbide film and they function well when used in externally lubricated cutting or forming operation. When used under dry or marginally lubricated cutting operations, they fail rather quickly. By incorporating certain alloying elements that can readily lead to the formation of lubricious oxides on cutting or forming surfaces of such tools, one can potentially improve the performance of these tools. Similar lubrication approaches may also be used in the formulation of novel thermal or plasma spray coatings that are already used in various engine components as well as rolls and dies used in high-temperature forging and metal forming operations.
In recent years, attempts have already been made to incorporate lubricious oxides and/or oxide forming elements into coating systems in order to achieve low friction and wear. In one of these, researchers have incorporated tungsten and vanadium oxides into the coating systems and achieved reasonably low friction and wear coefficients at elevated temperatures [27] . While in another study, vanadium is purposely added into TiAlN coatings with the hope that it will result in V 2 O 5 as a lubricious oxide and thus enable dry machining. Dry sliding tests showed that the friction coefficient of such a composite coating dropped from 0.6-0.8 to about 0.18 at 700 o C. It was concluded that the addition of vanadium to hard coatings holds promise for achieving greater lubricity during dry machining mainly because of the formation of V 2 O 5 and other easily shearable lower-oxides of vanadium [28] . Gulbinski et al. [29] studied the dry sliding behavior of pure MoO 3 , V 2 O 5 as well as phases originating from Ag 2 O-MoO 3 , Cu-V 2 O 5 and Ag-V 2 O 5 . All of the phases produced were able to lower friction, but the best results were observed on silver molybdate (Ag 2 MoO 4 ) and silver-vanadium oxides forming surfaces. In a series of pin-on-disk studies, these authors were able to decrease friction coefficients to 0.2 at elevated temperatures. In another study, Strong and Zabinski have achieved remarkably low friction coefficients for sliding ceramic surfaces that contained Cs 2 MoOS 3 at elevated temperatures [30] . Specifically, they reported friction coefficients of as low as 0.03 for Cs 2 O containing Si 3 N 4 surfaces at 600 o C. In a related study, Rosado et al. have explored the solid lubrication behavior of several cesium-based compounds on Si 3 N 4 ceramics. Among others, the best overall performance was achieved with a cesium silicate reaction film formed in-situ during sliding tests at 650 o C [31] .
In light of the quantum chemical concepts laid out by the authors of this paper, the difference in ionic potentials of cesium oxide and silicon dioxide is about 8.9 (which is a value that is consistent with the ranking of double oxides (in terms of their lubricity) in Table 3 ), while the difference in electronegativity for the same oxides is 4.4 (which is a value that also fits quite nicely into Figure 9 with respect to its reported lubricity).
Conclusions
The focal point of this paper has been the introduction of the DFT-based concepts to lubrication performance of solid oxides. Tribologically, two basic DFT-based quantum chemistry parameters are considered: absolute electronegativity, or chemical potential, and absolute or chemical hardness. From these parameters, a fundamental parameter, N ∆ , the fractional number of electrons transferred between the contacting solid oxides can be estimated. Conclusions from an analysis of the relationship between the friction coefficients of some oxides and these parameters are: Electronegativity, like ionic potential, is a valid quantum chemistry parameter for predicting the frictional behaviors of solid oxides in sliding contact. Generally, the higher the electronegativity of the solid oxides, the lower their friction coefficients. Thus, electronegativity provides means other than the ionic potential to estimate the sliding frictional performances of solid oxides. Comparatively, chemical hardness of solid oxides is less related to their friction coefficients.
The fractional number of transferred electrons between contacting solid oxides calculated from their electronegativity and chemical hardness is of limited use in elucidating the friction behaviors of solid oxide pairs at high temperatures. However, it appears that the higher the fractional numbers of transferred electrons, the smaller the friction coefficients. This effect is attributed to the transition in the contacting nature of oxide pairs from ionicity to covalence.
Relations of friction coefficient, electronegativity, chemical hardness, fractional number of trans-ferred electrons, and coordination number of solid oxides can give clues in classifying and selecting solid oxides with desired frictional performances. This makes it feasible to chemically design tribosurfaces of solid oxides and formulate new alloy components or composite oxide structures that can provide low friction at high temperatures. Electronegativity along with ionic potential are two key quantum chemistry parameters that can be used to predict the frictional behaviors of solid oxides. These two parameters can be of use, in a quantitative or semi-quantitative way, in characterizing tribosystem elements and frictional events that may occur at sliding contact interfaces.
